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AERODYNAMIC CHARACTERISTICS OF AN OGEE-WING 
SPACE-SHUTTLE ORBITER CONCEPT 
AT A MACH NUMBER OF 2.01 

By Lawrence E. Putnam 
Langley Research Center 

SUMMARY 

An investigation has been made at a Mach number of 2.01 to determine the effects 
of a flared rudder on the aerodynamic characteristics of an ogee-wing space-shuttle 
orbiter configuration. Also investigated were the effects of an upper- aft fuselage fairing 
for the orbital maneuvering system, elevon deflection, and rudder deflection on the aero- 
dynamic characteristics of the configuration. 

The results of the investigation indicated that the flared rudder substantially 
increased the directional stability and the positive effective dihedral of the configuration. 

A rudder flare angle of 30° increased the directional stability of the basic configuration, 
which was directionally unstable at all test angles of attack (-4° to 27°), so that the 
orbiter was stable to an angle of attack of approximately 18°. The drag coefficient and 
pitching- moment coefficient of the configuration increased with increasing rudder flare 
angle. The orbital-maneuvering-system fairing increased the directional stability and 
the positive effective dihedral of the configuration at low angles of attack; above an angle 
of attack of 10°, there were only minor effects of the fairing. The fairing also increased 
the drag coefficient and pitching- moment coefficient of the configuration. A rudder deflec- 
tion of 10° had only minor effects on the longitudinal aerodynamic characteristics of the 
configuration. An elevon deflection of -45° provides a sufficient pitching-moment incre- 
ment to trim the configuration with orbital-maneuvering-system fairing on to an angle of 
attack of approximately 15°. 


INTRODUCTION 

The National Aeronautics and Space Administration is currently studying space- 
shuttle vehicle systems to provide economical earth to earth- orbit transportation for 
such missions as logistic support of space stations, satellite placement and inspection, 
space rescue, and earth-orbit insertion of payloads for missions beyond earth orbit. 

(See refs. 1 to 3.) Several two-stage space-shuttle configurations are being investigated. 



Included in these investigations have been wind-tunnel tests to evaluate the aerodynamic 
characteristics of the proposed booster- orbiter configurations and the orbiter configura- 
tions alone. (See, for example, refs. 4 and 5.) 

In general, the orbiter configurations developed during the aforementioned studies 
have blended wing bodies with the vertical tail located on the fuselage center line. The 
ogee wing for the configuration of the present investigation has a leading- edge sweep 
of 55° at the midsemispan of the wing. During the moderate supersonic speed part 
(Mach 1.6 to 2.4) of the reentry into the earth's atmosphere, this configuration will be 
at angles of attack from 10° to 20° where, in general, conventional delta-wing or ogee- 
wing configurations with center-line vertical tails lose directional stability. The present 
investigation was undertaken, therefore, to determine the effects of a flared rudder which 
was designed to improve the supersonic directional stability characteristics of the config- 
uration. Also included in the present wind-tunnel investigation were tests to determine 
the effects of an upper-aft fuselage fairing for the orbital maneuvering system, elevon 
deflection, and rudder deflection. 

The tests were made in the Langley 4- by 4-foot supersonic pressure tunnel at a 
Mach number of 2.01 and primarily at a Reynolds number, based on the wing reference 
chord, of 1.3 x 10®. The angle of attack was varied from -4° to 27° at angles of sideslip 
of 0° and 5°. 


SYMBOLS 


The longitudinal force and moment coefficients are referenced to the body-axis 
system or the stability-axis system. The lateral and directional force and moment 
coefficients are referenced to the body-axis system. The origin of these axis systems 
is located at 67 percent of the fuselage length and at 41.4 percent of the fuselage maxi- 
mum height. The symbols are defined as follows: 


A 

b • 
c 

C A 

^A,base 


aspect ratio 

wing span, 22.936 cm 

wing reference chord, 13.142 cm 

axial-force coefficient, j; orce 

qS 

base axial- force coefficient 
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'D,f 


'D,o 


L 

Cl 

% 


drag coefficient, 
skin-friction drag coefficient 


drag coefficient at zero lift 
Lift 


lift coefficient, 


qS 


rolling-moment coefficient, Ro^moment 


ac 7 


( Cm )a=i 


0 ° 


N 

c n 

C n/3 

c Y 

C Y(3 

L/D 


effective dihedral parameter, per degree 

pitching-moment coetticient, Pitching f om e nt 

qSc 

pitching- moment coefficient at zero angle of attack 

Normal force 


normal-force coefficient. 


w 


yawing- moment coefficient, X aw ^ n S mc> — ^ r -- 

qSb 

9C n 

directional stability parameter, - , per degree 


side-force coefficient. 


Side force 


qS 


dCy 


side-force derivative, , per degree 

lift-drag ratio 


(L/D) max maximum lift-drag ratio 


free-stream dynamic pressure 


R 


Reynolds number based on c 


wing reference area, 252.325 sq cm 


rudder area 



S v vertical-tail area 

a angle of attack, degrees 

0 angle of sideslip, degrees 

6 e ? elevon angle, positive with trailing edge down, degrees 

^flare flare angle of rudder, degrees 

6 r rudder angle, degrees 

angles defined in figure 3(a), degrees 
Abbreviations: 

BL buttock line in centimeters 

FS fuselage station in centimeters 

OMS orbital maneuvering system 

WL water line in centimeters 


MODEL 

A sketch of the 0.00683-scale model of the basic orbiter configuration is presented 
in figure 1. Cross-sectional views and details of the model are presented in figures 2 
and 3 and photographs of the model are presented in figure 4. The basic configuration 
had a blended wing body with the vertical tail mounted on the fuselage center line. The 
ogee wing had a midsemispan leading-edge sweep of 55° and an aspect ratio of 2.08. 

('llie aspect ratio is based on the wing reference area.) The wing had an NACA 0010-64 
airfoil at BL 2.811 and an NACA 0012-64 airfoil at BL 9.372. Note that at BL 2.811, the 
chord of the airfoil is defined by the theoretical wing planform shown in figure 1. Details 
of the strake ahead of the theoretical wing planform can be ascertained from the model 
cross sections in figure 2. The elevon located on the wing could be deflected from 0° 
to -45°. Details of the vertical tail and rudder are presented in figure 3(a). Inter- 
changeable rudders with flare angles of 0°, 15°, and 30° were available for attachment 
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to the vertical tail. Provisions were made to deflect these rudders 10°. Shown in fig- 
ures 3(b) and 4(b) is the fairing for the orbital maneuvering system. 

APPARATUS AND PROCEDURES 

Wind Tunnel and Instrumentation 

The tests were made in the Langley 4- by 4-foot supersonic pressure tunnel. This 
wind tunnel is a continuous-flow single-return pressure tunnel with flexible top and bottom 
walls for changing nozzle contours. Tests can be made at Mach numbers from 1.41 ■ ' 
to 2.20 at stagnation pressures from approximately 28 kN/m^ to 207 kN/m^ (0.276 
to 2.043 atmospheres) and at a stagnation temperature of approximately 317 K. The 
dewpoint temperature of the tunnel is held at 244 K or less to avoid condensation. 

The model was mounted on a six-component strain-gage balance which was sting 
supported in the wind tunnel. Pressure orifices were located at the base of the model 
and in the sting cavity to measure the base pressures on the configuration. 

Tests 

The investigation was conducted at a Mach number of 2.01, a stagnation temperature 
of 317 K, and primarily at a stagnation pressure of 87.36 kN/m^ with a corresponding 
Reynolds number, based on the wing reference chord, of 1.3 x 10 . Some limited tests 
(at an angle of attack for zero normal force) were made at stagnation pressures that 
varied from 13.47 kN/m^ to 137.67 kN/m^ with corresponding Reynolds numbers, based 
on wing reference chord, of 2.09 x 10^ to 2.02 x 10®. The angle of attack was varied 
from -4° to 27° at angles of sideslip of 0° and 5°. Some limited tests were made at 
angles of sideslip from -2° to 2° at an angle of attack of 0°. 

The model was tested with the orbital-maneuvering-system fairing off and on. 

Tests were made with the flared rudder at 0°, 15°, and 30°. In general, the elevons 
were at 0° and the rudder was at 0°. However, some tests were made with the elevons 
at -45° and some tests were made with the rudder at 10°. 

Boundary-Layer Transition 

In general, the present investigation was made with fixed boundary- layer transition 
in order to minimize changes in the aerodynamic forces and moments due to change in 
the extent of laminar flow on the model. Some limited tests were made without transition 
strips to assess the effects of the transition strips on the drag characteristics of the con- 
figuration. Transition strips, 0.13 centimeter wide, were located on both sides of the 
vertical tail, on the top and bottom of the wing, and on the fuselage nose. (See fig. 5 for 
the location of these transition strips on the model.) The transition strips consisted 
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of 0.012-cm to 0.015-cm silicon carbide grains on the vertical tail, 0.015-cm to 0.018-cm 
silicon carbide grains on the wing, and 0.010-cm to 0.012-cm silicon carbide grains on 
the fuselage. The grain size and location of the transition strips were selected according 
to the recommendations of references 6 and 7. However, the transition strips on the ver- 
tical tail were placed further forward than the recommendations of reference 7 in order 
to locate the transition strips ahead of the rudder hinge line. 

Corrections 

The angle of attack and the angle of sideslip have been corrected for sting and bal- 
ance deflections due to aerodynamic loads and for tunnel airstream angularity. The com- 
parison of the data obtained with the model upright and with the model inverted, shown in 
figure 6, indicates the repeatability of the data. 

The drag data represent gross drag in that base drag is included. Since the orbiter 
configuration will be in gliding unpowered flight at a Mach number of 2.01, these uncor- 
rected data should be of more interest. However, the base axial-force data for each con- 
figuration are presented with the body-axis force and moment data. (The base area of the 
fuselage is 18.968 cm^.) 


RESULTS AND DISCUSSION 
Effects of Reynolds Number 

The effect of Reynolds number on the drag coefficient at zero lift for the configura- 
tion with and without transition strips is shown in figure 7. Also shown in this figure are 
theoretical estimates of the drag levels for a fully laminar, a fully turbulent, and a mixed 
boundary layer. The transition location for the mixed boundary layer was assumed to be 
at the transition strips on the model. The variation in turbulent- skin- friction drag was 
estimated by means of the Karm£n-Schoenherr incompressible formula and the Sommer 
and Short T* method. (See ref. 8.) The variation in laminar-skin-friction drag was esti- 
mated by the Chapman-Rubesin formula. (See ref. 9.) For all boundary-layer conditions, 
the wave-drag coefficient was assumed to be 0.0465. For the configuration without tran- 
sition strips, natural transition began to occur on the model at a Reynolds number, based 
on wing reference chord, of approximately 10®. It appears that the grit selected for the 
transition strips on the model was not large enough to promote transition at the transition 
strip at the primary test Reynolds number. (The difference in the measured drag coeffi- 
cient with transition fixed and with transition free is less than the theoretical estimates 
at R = 1.3 x 10*3.) This deficiency in grit size should not affect any variable other than 
the drag coefficient of the configuration. (See ref. 10.) 
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Effects of Orbital- Maneuvering- System Fairing 

The effects of the fairing for the orbital maneuvering system (OMS) on the longitu- 
dinal, lateral, and directional characteristics of the configuration are shown in figure 8. 
The addition of the fairing caused an increase in the pitching- moment coefficient but did 
not affect the longitudinal stability of the configuration. The fairing also decreased the 
normal-force coefficient and lift coefficient at a given angle of attack without changing 
their variation with angle of attack. An increase in drag coefficient and a corresponding 
reduction in lift-drag ratio also resulted from the addition of the OMS fairing. The incre- 
ments in the longitudinal characteristics due to the orbital-maneuvering-system fairing 
were not significantly affected by increasing the rudder flare angles to 30°. 

The OMS fairing increased the directional stability and the positive effective dihe- 
dral of the configuration at low angles of attack (fig. 8(c)) but had only minor effects at 
angles of attack greater than 10°. (It should be noted that the lateral and directional sta- 
bility derivatives, C C n ^, and Cy^, were calculated from increments obtained 
between angles of sideslip of 0° and 5° and therefore do not account for any nonlinearities 
which may exist in the intermediate angle- of- sideslip range.) Flaring the rudder 30° 
does not significantly alter the effects of the OMS fairing on the lateral and directional 
aerodynamic characteristics of the configuration. 

Effects of Flared Rudder 

The effects of the flared rudder on the aerodynamic characteristics of the configura- 
tion with and without the OMS fairing are presented in figures 9 and 10, respectively. A 
summary of the effects of the flared rudder on various aerodynamic parameters is pre- 
sented in figure 11. Increasing the rudder flare angle caused an increase in the pitching- 
moment coefficient at an angle of attack of 0° and the drag coefficient at zero lift and a 
reduction in maximum lift-drag ratio. There was essentially no effect of rudder flare 
angle on the longitudinal stability or on the lift characteristics of the orbiter configuration. 

Flaring the rudder substantially increased the directional stability of the configura- 
tion. The basic configuration (OMS fairing off) was directionally unstable at all test 
angles of attack with 6fi are = 0°; however, the configuration was stable to angles of 
attack of approximately 18° with the rudder flared 30°. (See figs. 9(c) and 11.) The 
flared rudder also increased the positive effective dihedral of the configuration. At an 
angle of attack of 0° the variation of C n ^ and C \n with rudder flare angle was not 
essentially affected by the presence of the orbital-maneuvering-system fairing. How- 
ever, the configuration with the OMS fairing was stable to higher angles of attack than 
the configuration without the fairing except at rudder flare angles near 30°. 
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Effects of Elevon Deflection 

The effects of an elevon deflection of -45° on the longitudinal aerodynamic charac- 
teristics of the configuration with the orbital-maneuvering-system fairing and the rudder 

9C 

at a flare angle of 30° is presented in figure 10. The elevon effectiveness - , m 

3 0 e 

decreased slightly with increasing angle of attack. This configuration had sufficient 
elevon effectiveness to trim the configuration to the maximum test angle of attack, 
approximately 27°, with less than an elevon deflection of -45°. Applying the same ele- 
von effectiveness to the configuration with no rudder flare indicated that this configura- 
tion can be trimmed to an angle of attack of approximately 15° with 6 e = -45°. The 
elevon deflection increased the drag coefficient and decreased the lift coefficient so that 
the maximum lift-drag ratio was reduced 27 percent. 

Effects of Rudder Deflection 

The effects of rudder deflection on the longitudinal aerodynamic characteristics of 
the configuration with the orbital-maneuvering-system fairing are presented in figure 12. 
There are only minor effects of a rudder deflection of 10° on the aerodynamic charac- 
teristics of the configuration_with the rudder flare angle of zero. A comparison of the 
data of figure 10 for the configuration with 6fi are = 30° and 6 r = 0° with the data of 
figure 12 also shows that rudder deflection only had minor effects on the aerodynamic 
characteristics of tlie configuration with % are = 30°. 

; CONCLUSIONS 

An investigation has been made at a Mach number of 2.01 to determine the effects 
of a flared rudder on the aerodynamic characteristics of an ogee-wing space-shuttle 
orbiter configuration. Also investigated were the effects of an upper-aft fuselage fairing 
for the orbital maneuvering system, elevon deflection, and rudder deflection on the aero- 
dynamic characteristics of the configuration. The results of the investigation indicate 
the following: 

1. The flared rudder substantially increased the directional stability and the posi- 
tive effective dihedral of the configuration. The basic configuration was directionally 
unstable at all test angles of attack (-4° to 27°); however, a rudder flare angle of 30° 
increased the directional stability such that the configuration was stable to an angle of 
attack of approximately 18°. \The flared rudder increased the pitching- moment coeffi- 
cient at zero angle of attack, increased the drag coefficient, and reduced the maximum 
lift- drag ratio. 
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2. The orbital-maneuvering-system fairing increased the directional stability and 
the positive effective dihedral at low angles of attack but had only minor effects at angles 
of attack greater than 10°. The fairing also increased the pitching-moment coefficient 

at zero angle of attack, increased the drag coefficient, and reduced the maximum lift-drag 
ratio. 

3. A rudder deflection of 10° had only minor effects on the longitudinal aerodynamic 
characteristics of the configuration. 

4. An elevon deflection of -45° provided a sufficient pitching-moment increment to 
trim the configuration with the orbital-maneuvering-system fairing and a rudder flare . 
angle of 0° to an angle of attack of 15° arid the configuration with a rudder flare angle 

of 30°, to the maximum test angle of attack of approximately 27°. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., December 22, 1971. 


/ 
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Theoretical wing planform 
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Geometric characteristics 
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(a) Vertical tail and flared rudder. 

Figure 3.- Details of model components. All dimensions are in centimeters unless otherwise noted. 







L-71-6303 

(a) Configuration without orbital-maneuvering-system fairing 


L-71-6302 

(b) Configuration with orbital-maneuvering-system fairing. 
Figure 4.- Photographs of model with Sfi are = 30°, 6 r = 0°, and 6, 




Figure 5.- Location of transition strips on the model. All dimensions are in 
centimeters unless otherwise noted. 
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Figure 6.- Comparison of body-axis data obtained with the model upright and inverted. The configuration 
has the orbital-maneuvering-system fairing off, 6fi ar e = °°> 6 r = °°> and 5 e = ° Q - (Flagged symbols 
indicate repeat data.) 








I0 5 I0 6 I0 7 

R 


Figure 7.- Variation of drag coefficient at zero lift with Reynolds number for configu- 
ration without the orbital-maneuvering-system fairing. 5fi are = 0°; S r = 0°; and 
5 e = 0°. Flagged symbols denote data corrected for base drag. 
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(a) Body-axis data. 

Figure 8.- Effects of the orbital-maneuvering-system fairing on the aerodynamic characteristics of the 

configuration with 6 e = 0° and 5 r = 0°. 





Figure 8.- Continued. 
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a, deg 

(c) Lateral and directional stability derivatives. 
Figure 8.- Concluded. 
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a, deg a, deg 

(a) Body-axis data. 

Figure 9.- Effects of the flared rudder on the aerodynamic characteristics of the configuration without the 
orbital -maneuv ering- system fairing and with 6 P = 0° and 6 = 0°. 
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Figure 9.- Continued. 




a, deg 

(c) Lateral and directional stability derivatives. 
Figure 9.- Concluded. 
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(a) Body-axis data. 

Figure 10.- Effects of the flared rudder and elevon deflection on the aerodynamic characteristics of the 

configuration with orbital-maneuvering-system fairing and 5 r .= 0°. • 
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Figure 10.- Continued. 



(c) Lateral and directional stability derivatives. 
Figure 10.- Concluded. 




Figure 11.- Summary of the effects of rudder flare angle on the aerodynamic charac- 
teristics of the configuration. Symbols denote quantities obtained from faired curves. 
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NASA-Langley, 1972 
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Figure 12.- Concluded. 
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